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Anatomic studies have revealed a highly structured organization of tubules and vasa recta in the outer medulla (OM) of some mammalian kidneys (2, 29) , with tubules and vessels organized concentrically around vascular bundles, tightly packed clusters of parallel vessels, and tubules containing mostly vasa recta. Recent studies of the three-dimensional architecture of the rat IM and expression of membrane proteins associated with fluid and solute transport in nephrons and vasculature have revealed transport and structural properties that likely impact the IM urine concentrating mechanism in the rat kidney. These studies have shown that the IM portion of the descending limbs have at least two or three functionally distinct subsegments and that clusters of collecting ducts (CDs) form the organizing motif through the first 3-3.5 mm of the IM (50 -52) .
Based on the findings on the IM three-dimensional architecture, we previously developed a detailed model of the urine concentrating mechanism in the rat IM (39) . That model represents a "solute-separation, solute-mixing" mechanism, which may be regarded as a refinement of the "passive" mechanism proposed by Kokko and Rector (26) and by Stephenson (60) . The fundamental principle of the passive mechanism is that sustained diffusive absorption of NaCl from the loops of Henle can be promoted by a favorable concentration gradient that is sustained by diffusive absorption of urea from CDs. The absorption of NaCl from loops, with little or no accompanying water absorption from loops, concentrates other medullary structures, and dilute ascending thin limb tubular fluid provides for a solute and water mass balance configuration that promotes the generation of an axial medullary gradient.
Like the passive mechanism, the model in Ref. 39 assumes that the urea permeability along most of the IM portion of the descending limbs is nearly zero. However, that assumption appears to be inconsistent with measurements in isolated perfused thin limbs, which revealed significant urea permeabilities in some segments of thin limbs in a number of species (5, 14, 44) . Indeed, preliminary data suggest that urea permeabilities in defined regions of rat IM thin limbs may be higher than previously thought (Dantzler DL and Pannabecker TH, personal communication) . When the thin limbs of Henle in the model in Ref. 39 were assumed to have significant urea permeabilities, with the transport properties of other structures kept unchanged, a substantial axial osmolality gradient (i.e., an osmolality gradient distributed along the corticomedullary axis) could not be generated (unpublished observations).
The goal of this study is to describe and evaluate, by means of mathematical modeling, an alternative concentrating mode for the IM based on the assumption of high thin-limb urea permeabilities. We use a "region-based" model that represents the preferential interactions among the tubules and vessels, which arise from the three-dimensional architecture of the rat renal medulla. The model is based on the detailed model of the urine concentrating mechanism of the rat OM (35) and on the analogous model for the rat IM (39) that we previously developed. The model is used to assess implications of the functional anatomy of the renal medulla and to evaluate hypotheses, previously set forth by us (54) , that are suggested by the functional anatomy. Among these hypotheses are 1) the absence of aquaporin-1 (AQP1) in some segments of descending thin limbs promotes concentrating function by eliminating the need to concentrate all fluid at each medullary level; 2) the radial configuration in the OM contributes to the sequestration of urea in vascular bundles and promotes a preferential increase in the CD tubular fluid; 3) the organizing motif of tubules and vessels within and around CD clusters in the upper IM results in differing interstitial fluid composition within, and external to, the CD clusters; these differing concentrations are made possible by the nodal microdomains within the CD clusters; 4) in the innermost IM, loop bends that run transversely along CDs in the innermost IM enhance preferential solute mixing of NaCl and urea; and 5) the IM concentrating mechanism is composed of three distinct countercurrent systems, each with specialized properties and functions.
The findings of this modeling study give general support to most, but not all, aspects of these hypotheses.
MATHEMATICAL MODEL
Our mathematical model is based on the "region-based" models of the OM (34, 35) and of the IM (39) . Tubules and vasa recta are represented by rigid tubes that extend from the corticomedullary boundary (x ϭ 0) to the papillary tip (x ϭ L). The model represents loops of Henle that turn at all levels of the IM, vasa recta that terminate or originate at all levels of the medulla, and a composite CD. For simplicity and compatibility with our previous OM model (35) , loops that reach into the IM are assumed to have the same fluid flow rate and composition at each the OM level; the same assumption was also applied to long vasa recta.
The model is formulated for three solutes: NaCl, urea, and a nonreabsorbable solute; NaCl is represented by Na ϩ . The nonreabsorbable solute, denoted "NR," is assumed to be present only in significant amounts in the tubular fluid of the CD and is represented only in the CD tubular fluid. The osmotic coefficients for NaCl, urea, and NR are taken to be 1.84, 0.97, and 1.84, respectively. The model predicts fluid flow, solute concentrations, transepithelial water and solute fluxes, and fluid osmolality, as a function of medullary depth, in the tubules, vasa recta, and interstitium of the model medulla.
In the OM, the radial organization with respect to a vascular bundle (27, 31) is represented by means of four concentric regions (35) . In the IM, two concentric regions are employed (39) . The portion of each concentric region that is exterior to both tubules and vasa recta represents merged capillaries, interstitial cells, and interstitial space. At a given medullary level, each concentric region is assumed to be a well-mixed compartment with which tubules and vasa recta interact. To specify the relative positions or distributions of the tubules and vasa recta and to simulate the potential preferential interactions among them, each tubule or vas rectum is assigned to a particular concentric region, or, in some cases, fractions of a tubule or vas rectum are distributed to two concentric regions. Tubules and vasa recta that are in contact with different concentric regions are influenced by differing interstitial environments. However, tubules or vasa recta that do not contact the same region may still interact via interstitial diffusion of solutes around tubules and vasa recta; these diffusive fluxes are simulated by assigning non-zero solute permeabilities to the boundaries that separate concentric regions.
Model positions of tubules and vasa recta in the OM, based on descriptions in Refs. 17, 27, 31, and 41, are shown in Fig. 1 , left, for the outer stripe and inner stripes. Distinct populations of ascending vasa recta (AVR) were used to avoid having AVR straddle regional boundaries; otherwise, unrealistic mixing between regions would be introduced, owing to the high effective solute permeabilities assumed for AVR. Vasa recta that supply the IM, i.e., long descending vasa recta (DVR) and AVR (labeled LDV, LAV1, and LAV2 in Fig. 1 ) are assumed to form the vascular bundle, which is contained within the two centermost regions (R1 and R2). Long and short DVR are assumed to reside in R1 and R2, respectively, consistent with immunolabeling results, which indicate that DVR are distributed centrally within the vascular bundle, but also consistent with short DVR peeling off to supply the capillary plexus of the inner stripe. CDs, which are located distant from the vascular bundle, are assigned to R4, the outermost region. Distinct populations of short AVR (labeled SAV3 and SAV4 in Fig. 1 ) ascend through R3 and R4, respectively. Thick ascending limbs (TALs) from short loops of Henle (i.e., SALs), which are near the CD throughout the OM, are assumed to straddle R3 and R4. At the beginning of the outer stripe, the long loops of Henle are situated near the vascular bundle, in R2 and R3, where the long ascending limbs (LALs) maintain their position throughout the OM. , and R4, concentric regions in the OM; R5 and R6, concentric regions in the IM; SDL, descending limbs of short loops of Henle; SAL, ascending limbs of long loops of Henle; LDL, descending limb of long loop of Henle; LAL, ascending limb of long loop of Henle. Subscripts "S," "M," and "L" associated with a LDL or LAL denote limbs that turn with the first millimeter of the IM (S), within the mid-IM (M), or reach into the deep IM (L). CD, collecting duct; SDV, short descending vasa recta; SAV3 and SAV4, 2 populations of short ascending vasa recta; LDV, long descending vas rectum; LAV1, LAV2, LAV5, and LAV6: populations of long ascending vasa recta.
In the IM, radial organization with respect to a CD cluster (50 -53) is represented by means of two concentric regions: an intracluster region, denoted by "R6," which represents a CD cluster; and an outer, intercluster region, denoted by "R5." Recent anatomic studies have shown that, in the upper 3-3.5 mm of the rat IM, clusters of the inner medullary collecting duct (IMCD) provide the organizing motif around which loops of Henle and vessels are arranged (51, 53) . Most LALs and some of the AVR are within these CD clusters, whereas other LALs and AVR, along with AQP1-positive LDLs and DVR, are external to the CD clusters. In the final 1.5-2 mm of the IM, however, the CD clusters can no longer be distinguished. Schematic diagrams of cross sections through the model IM are shown in Fig. 1 , right.
Parameters
Most morphological and transport parameters of the present model are taken from those in Refs. 35 and 39. Below, we describe selected parameters that are different from previous studies (35, 39) , or are of particular importance in the present study.
In the mid-inner stripe, Kriz (27) found the ratio of CDs to loops, which we denote by n CD, to be 1/6.1, and we assume this value throughout the OM. Two-thirds of the loops of Henle are assumed to be short (27) . We assume a ratio of short DVR (SDV) to loops of nSDV ϭ 44/71 and ratios of SAV to loops of nSAV3 ϭ 219/71 and nSAV4 ϭ 73/71. Similarly, nLDV ϭ 12/71, nLAV1 ϭ nLAV5 ϭ 17/71 (LAV that lie within the center of the vascular bundle and outside the CD cluster), and nLAV2 ϭ nLAV6 ϭ 33/71 (LAV that lie in the periphery of the vascular bundle and within the CD cluster). The justification for these ratios can be found in Ref. 35 .
In the rat IM, the number of loops of Henle decreases as a function of increasing medullary depth (13) . As in previous studies (38, 40) , this loop configuration is represented by continuously distributed loops that have bends at all IM levels (39) . The fraction of loops remaining at the medullary level x is given by
where LOM and LIM are the lengths of the model OM and IM (see below), respectively, a1 ϭ 4.42, a2 ϭ 8.016, a3 ϭ 21.08, a4 ϭ 304.8, and a5 ϭ 0.7782. The population of CDs also decreases as a function of increasing IM depth, as the CDs undergo successive coalescences. The changes in CD population affect intratubular fluid pressure and luminal area, which in turn affect pressure-driven transepithelial water fluxes and intratubular diffusion. However, our model does not represent hydrostatic pressure or intratubular diffusion. CD population decrease also results in a reduction in tubular area available for transepithelial transport. Thus, as in Ref. 38 , we represent the effect of such coalescences on CD tubular area (13) by multiplying the CD radius by the fraction w CD of CDs remaining at a given medullary level x; that fraction was approximated by (38, 39) 
As previously noted, the model includes in the OM one SDV and two SAV, which represents vasa recta which terminate or originate in the OM. Their distribution are given by
where L OS denotes the length of the outer stripe. In addition, the model represents one LDV and two LAV, each of which represents a population of vasa recta that reach to differing levels of the IM. Each of the LDV and LAV population distributions is given by
Model equations in the present study can be found in Refs. 35 and 39. Some of the model equations embody the principle of mass conservation of solute and water; others represent transmural transport of solutes and water by means of single-barrier equations that provide a summary representation of double-barrier transepithelial or transendothelial transport. Transmural solute diffusion is characterized by solute permeabilities; active transport is represented by a saturable expression that has the form of Michaelis-Menten kinetics. Transport equations for water represent osmotically driven fluxes, except for AVR, where water flux is assumed to be pressure-driven advection through fenestrations. The axial lengths of the model OM and IM were taken to be 2 and 5 mm, respectively (22) ; thus L ϭ L OM ϩ LIM ϭ 7 mm. The lengths of the outer and inner stripes are taken to be 0.6 and 1.4 mm, respectively. The diameters and transport properties of tubules and vasa recta are given in Table 1 . These parameters were given by, based on, or estimated from, sources cited in Refs. 34, 35, and 39. In our model, we represent two short loops of Henle, and a distributed long loop of Henle that reaches into the IM. The descending limb of one short loop (SDLa) is structurally and functionally divided into four segments. The first SDL segment, which corresponds to the proximal straight tubule, terminates at the outer-inner stripe boundary (i.e., at x ϭ 0.3L OM). The second descending limb segment, which we call "SDL1," is highly water permeable and moderately permeable to solutes, characteristics typically ascribed to SDL (57) . The SDL1 segment extends into the inner stripe and terminates at x ϭ 0.7LOM. The third segment, which we call "SDL2," is a water-impermeable, but urea-permeable, portion of the SDL located in the inner stripe; its transport properties are inferred from immunohistochemical localization studies (48, 65) . The SDL2 segment spans ϳ40% of the inner stripe. The fourth segment, which we call the "prebend segment," is a terminal portion of the descending limb that is given the diameter and transport properties of the TAL. The prebend segment begins at x ϭ 0.975LOM. The descending limb of the other short loop (SDLb) is assumed to have no prebend segment and is structurally and functionally divided into three segments.
Both the outer stripe segment of the model LDL, which corresponds to the pars recta, and the inner stripe segment, which we call "LDL1," are highly water permeable. The average luminal areas of proximal straight tubules from juxtamedullary nephrons, those likely to give rise to long loops, take into account the large, flattened cross-sectional shapes of the tubules, which arise from their tortuosity (29, 31) .
The IM portion of a model LDL of a loop of Henle that reaches beyond the first millimeter of the model IM was divided structurally and functionally into three segments. The first segment, which we call "LDL2" and which spans the initial 40% of the IM portion of the LDL, was assumed to be highly water permeable, NaCl impermeable, and moderately urea permeable. The second IM segment, which we call "LDL3," corresponds to the AQP1-null segment of the LDL (50). The LDL3 segment was assumed to be impermeable to NaCl (15, 45) and to water (6) . Contrary to the assumption made in the passive mechanism, the LDL3 segment was assumed to be highly urea permeable, as suggested by the significant urea permeabilities revealed in isolated perfused thin limb experiments in a number of species (5, 14, 44) and by preliminary measurements by Dantzler, Evans, and Pannabecker in defined regions of rat IM thin limbs. The third segment corresponds to the prebend segment, which was assigned the transport properties of the contiguous LAL segment. In a loop that turns within the first 3.5 mm of the model IM, the prebend segment has a length of 166.7 m (50). The prebends of some of the longer loops of Henle change drastically in the terminal 500 m of the IM. About half of the loops that reach into that level have very broad transverse prebend segments which tend to lie alongside, and to be curved laterally around, the terminal portions of CDs (53) . The effect of laterally running prebends on LDL and LAL tubular areas is represented by increasing the radii of both the LDL and LAL near the loop bend (39) .
The IM portion of the LDL of a loop of Henle that turns within the first millimeter of the model IM was reported to express no AQP1 (50) and thus was assumed to be water impermeable. The IM portion of those loops is divided functionally and structurally into two segments. The first segment, which is denoted by "LDL2 S" ("S" for "short") and assumed to be impermeable to NaCl, extends to the second segment, the prebend segment, which was assumed to have a length of 166.7 m and to be functionally like its contiguous LAL, which is denoted by "LAL S."
All model LALs were assumed to be water impermeable throughout the medulla; they were assumed to be NaCl impermeable in the OM, but highly NaCl permeable in the IM (14) . NaCl was assumed to be actively absorbed from the TALs, with the maximum active Na ϩ transport rate higher in the inner stripe than in the outer stripe (25.9 vs. 10.5 nmol·cm Ϫ2 ·s Ϫ1 ), in accordance with experiments by Garg et al. (9) . Beyond the OM-IM boundary, the LAL active Na ϩ transport rate was assumed to decrease exponentially quickly:
where V max, TAL, Na 0 denotes the inner stripe TAL Vmax, TAL, Na. The Vmax, LAL, Na(x) decreases sufficiently quickly that beyond the first millimeter of the IM, the thin ascending limbs have practically zero active NaCl absorption. The LAL was assumed to have a low urea permeability in the OM, but highly urea permeable in the IM, consistent with urea permeability in chinchilla (5) . The IM portion of the LAL of a loop that turns within the second and third millimeters of the model IM is denoted "LAL M"; the IM portion of the LAL of a loop that reaches into the final 2 mm of the model is denoted "LALL." The LALL was assumed to occupy a position external to the CD cluster in the upper IM.
The CD urea permeability was assumed to be 0.3 (in units of 10
Ϫ5
cm/s) for the OM and for the first one-fifth of the model IM [i.e., for
, CD urea permeability was assumed to increase exponentially, according to the formula
where P 0 and P1 are the initial and terminal CD urea permeabilities, 0.3 ϫ 10 Ϫ5 and 110 ϫ 10 Ϫ5 cm/s, respectively. This profile was constructed to be consistent with experiments in antidiuretic rats showing high urea permeabilities in the terminal CD (19, 59) and to ensure sufficient urea delivery to the deep IM to support the hypothesized mode of concentration.
The CD Na ϩ maximum transport rate Vmax, Na (in units of nmol·cm Ϫ2 ·s Ϫ1 ) was assumed to be 3 and 5 in the outer and inner stripes, respectively, to be 8 for the initial three-tenths of the model IM, to decrease linearly to 2 for the next two-tenths of the IM, and remains constant at 2 for the remainder of the IM. The profile for V max, Na was chosen to ensure that substantial urea was absorbed from Parameters are given by, based on, estimated from, or suggested by references given in Refs. 34 and 39. P, permeability. SPST and LPST, proximal straight tubules associated with the short (SDL) and long descending limb of Henle (LDL); LAL, long ascending limb. SDL diameter is given at outer-inner stripe boundary and beginning of prebend segment; LDL1 diameter is given at outer-inner stripe and outer medullary (OM)-inner medullary (IM) boundaries; Short ascending limb (SAL), collecting duct (CD), and ascending vasa recta (AVR) diameters are given at corticomedullary and OM-IM boundaries. Arrow (¡) indicates that parameter is assumed to vary linearly as x increases; vertical line (|) indicates that parameter is assumed to change abruptly at outer-inner stripe or OM-IM boundary. The Michaelis constant KM, Na, used in conjunction with Vmax, Na in all cases of active Na ϩ transport, was 70 mM. All tubules and vasa recta were assumed to have no active urea transport, i.e., Vmax, urea ϭ 0. *A prebend segment is assumed to have the same transport parameters as its contiguous ascending limb. †Parameter increases exponentially as medullary depth x increases from 4.5 to 7.0 mm. §SDL2 diameter is included in SDL1 diameter. ‡See description in text. the terminal CD (by means of maintaining a sufficient transepithelial urea gradient) and that the solute load reaching the terminal CD was consistent with experimental evidence for moderately antidiuretic rats (see below).
In the OM, the interregion solute permeabilities were estimated as describe in Ref. 35 . That same approach was used to estimate interregion permeabilities in the initial IM (L OM Յ x Յ LOM ϩ 0.2LIM), where the CD clusters are well defined. In the mid-IM (LOM ϩ 0.2LIM Յ x Յ LOM ϩ 0.7LIM), where structural organization gradually diminishes (53), the inter-region solute permeabilities were assumed to increase exponentially. In the remainder of the IM (LOM ϩ 0.7LIM Յ x Յ L), where CD clusters can no longer be clearly distinguished, inter-region permeabilities were set to 100 ϫ 10 Ϫ5 cm/s. In the IM, the interstitial cells connect loops of Henle and vasa recta, spanning these axial structures like "rungs of ladder" (42) , which likely impede solute diffusion along the corticomedullary axis. A previous sensitivity study (36) suggests that the predictions of the region-based OM model are nearly insensitive to variations in axial diffusivity within physiological ranges. Based on these considerations, axial solute diffusion is taken to be zero in the present model.
Boundary Conditions
The boundary concentrations and water flows for descending limbs and DVR at the corticomedullary boundary (x ϭ 0) are given in Table 2 . Boundary conditions for CD inflow were based on four assumptions. First, the CD water inflow rate at the corticomedullary boundary was prescribed at 6.5 nl·min Ϫ1 ·CD Ϫ1 . Second, the osmolality of CD fluid at the corticomedullary boundary is equal to blood plasma osmolality, and NR concentration is set to 7 mM. Third, 20% of the urea that is delivered to the early distal tubule by the cortical TAL is absorbed in the cortex. Fourth, the water flow rate to the early distal tubule equals the water flow rate in the corresponding TAL at the corticomedullary boundary. Fifth, no urea is absorbed from the cortical CD, which has been reported to have a low urea permeability (21) . These assumptions suffice to determine the CD inflow Na ϩ and urea concentrations (34, 35) .
Recall that because the long loops of Henle turn at all levels of the IM, the IM portion of the LDL was represented using the distributedloop formulation, which assumes that the intratubular concentration profiles and fluid flow rates of the long loops may differ at differing IM levels. In the distributed-loop formulation, as many model loops are represented as there are numerical grid points. In contrast, the OM portion of the LDL was represented using a single tubule, with the concentrations and flow rates assumed to be the same at each OM level. Based on the evidence that juxtamedullary glomeruli have higher single-nephron glomerular filtration rates than the glomeruli that give rise to short-looped nephrons (8), we did not assume simple continuity and set the water flow rates in all LDLs to be equal at the OM-IM boundary; rather, we assumed that water flows in LDLs that turn within the first millimeter of the IM are slower than LDL of longer loops. Let F V, LDL, OM(x) and Ck, LDL, OM(x) denote the water flow rate and solute k concentration, respectively, of the OM portion of the LDL at OM level x; and FV, LDL, IM(x, y) and Ck, LDL, IM(x, y) denote the water flow rate and solute k concentration, respectively, of the IM portion of the LDL that reach into IM level y. Analogous notations are used for the LAL. With these notations, we assumed that, at the OM-IM boundary, the intratubular concentrations and flow rate of the fluid entering the IM LDL are given by
Thus all LDLs were assumed to have the same concentration at the OM-IM boundary. As previously noted, longer loops were assumed to have higher water flow rates, so F V, LDL, S Ͻ FV, LDL, L. To impose conservation of water flow at the OM-IM boundary, FV, LDL, S and FV, LDL, L satisfy the condition
where w l(LOM ϩ 1 mm) is the fraction of long loops that reach beyond the first millimeter below the OM-IM border.
At the OM-IM boundary, the flow rate and solute concentrations of the tubular fluid entering the LAL are given by the weighed average of the ascending thin limbs:
where Ϫw l = (y) is the rate of change of loop population at level y. Technically speaking, the intratubular fluid compositions of the TALs associated with loops of differing lengths are different. That can be represented using the distributed-loop formulation, as is done for the IM portions of the LDL and LAL. However, the distributed-loop formulation requires large computational times (because 1 model loop is assumed to turn at each numerical grid point, so there are as many loops as there are numerical grid points). To reduce computational times, we therefore assume that the intratubular fluid composition of the TALs associated with all long loops is the same (Eq. 11). That assumption also facilitates the incorporation of our previous OM model (35) , which represents all LALs as a single tubule. We believe that that assumption can be justified, inasmuch as both Na ϩ and urea permeabilities of the LAL are low (1.1 and 0.6 ϫ 10 Ϫ5 cm/s, respectively), and solute fluxes along the TALs involve mostly active Na ϩ transport, which is largely insensitive to intratubular fluid composition. The validity of this assumption is assessed in RESULTS. Intratubular concentrations and fluid flow rate of each of the model long vasa recta are assumed to be the same at any given medullary level. In the OM, one LDV and two LAVs are represented by means of single rigid tubules. In the IM, again one LDV and two LAVs are represented. Each of the IM tube represents a population of vasa recta that reach to differing levels of the IM, with a fraction of the DVR flow directed into the interstitium at each IM level. For the LDV, intratubular concentrations and fluid flow rate are assumed to be continuous at the OM-IM boundary; i.e., C k, LDV, IM(LOM) ϭ Ck, LDV, OM(LOM) and FV, LDV, IM(LOM) ϭ FV, LDV, OM(LOM). Because the axial paths of the AVR are not well characterized, we assume that, at the OM-IM boundary, the intratubular concentrations and fluid flow rates of the OM LAV are equal to the averages of the IM LAV:
RESULTS

The Base Case
The model equations were solved to obtain steady-state solutions for the base-case configuration, parameter set, and boundary conditions. Key results are displayed graphically in Figs. 2, 3 , and 4. Figure 2 shows axial osmolality, Na ϩ concentration, and urea concentration profiles in the concentric regions and in each class of tubule and vessel (and NR concentration in the CD). Figures 3 and 4 show corresponding water, Na ϩ , and urea luminal flow profiles. This figure portrays directed flow; thus, flow toward the cortex is considered to be negative. In Figs. 2, 3 , and 4, the designations A, B, and C are used in a roughly analogous way: A designates either osmolality or water, B designates Na ϩ or NR, and C designates urea. As was described in model formulation, in the IM, the loops of Henle are represented by a continuous distribution, with the loops turning at all IM levels. However, Figs. 2 and 3 contain only the profiles that correspond to representative loops of Henle, specifically, those that turn at x ϭ 3, 4.5, and 7 mm.
The model predicts a urine osmolality of 1,283 mosmol/ kgH 2 O and a urine flow rate of 0.0627 nl·min Ϫ1 ·nephron Ϫ1 , or 2.42 l·min Ϫ1 ·kidney Ϫ1 , assuming 38,000 nephrons/kidney. Assuming an average single-nephron glomerular filtration rate of 33 nl/min (8), the base-case urine flow corresponds to a U/P inulin ratio of 526. Model urine Na ϩ , urea, and NR concentrations are 266, 593, and 119 mM, respectively (see Table 3 , column labeled "Base case"). These concentrations are in general agreement with experimental measurements in rats by Pennell et al. (55) and by Hai and Thomas (12) . One notable discrepancy is the loop-bend urea concentration, predicted to be 592 mM by our model, whereas micropuncture experiments by Pennel et al. (55) reported a substantially lower value of 287 mM. This discrepancy is examined in the discussion.
OM
A general osmolality gradient was generated in the OM along the corticomedullary axis by means of active Na ϩ transport by the TALs. The Na ϩ concentrations of tubular fluid in the prebend segment of the short loop of Henle and in the TALs were progressively reduced along the luminal flow direction by active Na ϩ transport. At the beginning of the prebend segment associated with the SDL, the Na ϩ concentration was predicted to be 221 mM; at the OM-IM boundary, the Na ϩ concentration of the LAL was predicted to be 324 mM. The Na ϩ absorbed from the prebends and TALs progressively reduced the Na ϩ concentration of the SAL and LAL fluid to be 115 and 125 mM, respectively, at the corticomedullary boundary. The Na ϩ reabsorbed raised the interstitial osmolality. For example, at the corticomedullary boundary, the osmolality of the interstitial fluid in R3 and R4, where the TALs are located, were predicted to be 336 and 329 mosmol/kgH 2 O, exceeding the luminal fluid of CDs, descending limbs, and DVR at 309 mosmol/ kgH 2 O.
Owing to the higher interstitial osmolality, water was continuously withdrawn from the tubular fluid of the waterpermeable tubules and vessels, namely, the CD, LDL, DVR, proximal straight tubules, and the SDL1 segment. Indeed, along the proximal straight tubules of both long and short loops, osmolality increases were in large part attributable to water absorption from the proximal straight tubules. However, in the lower inner stripe, where the water-impermeable SDL2 segment prevented transepithelial osmotic equilibration, the SDL luminal fluid osmolality was nearly constant, owing to little net absorption of Na ϩ and urea from this segment. Results from a previous modeling study (36) suggest that the SDL2 segment augments the concentrating effect of the OM by reducing the load that would have been presented by the SDL fluid to the OM concentrating mechanism if the SDL were significantly water permeable throughout. (We will use the word "load" to mean a descending tubular or vascular fluid flow that must be concentrated by the concentrating mechanism.) Unlike the SDL, the LDL is highly water permeable throughout the OM. As the LDLs traversed the inner stripe, they lost a significant fraction of water, but gained significant NaCl by diffusion. Figure 2 , A0 and B0, shows that at each medullary level, the Na ϩ concentration and osmolality in the concentric regions are highest in R3 (outer stripe) or R4 (inner stripe) and lowest in R1. The osmolality is higher away from the vascular bundle (i.e., higher in R3 or R4 than in R1 and R2) because the majority of inner stripe TALs (all SALs and 50% of the LALs) are assumed to be situated away from the vascular bundle. Thus most Na ϩ transported from TALs was directed into R3 and R4. Although the majority of TALs are in R3, the osmolality in R3 is lower than in R4 in the inner stripe. This paradoxical result arises because in the inner stripe, LDL fluid flow in R3 presents a higher load to the single effect than does fluid in R4, which principally contains the CD.
The urea profiles in Fig. 2C0 show a contrasting pattern in which the urea concentrations in R1 and R2 ultimately exceed the urea concentration in R3 and R4. These higher urea concentrations in R1 and R2, which are permitted by the isolation of the vascular bundle, arise from elevated urea concentrations entering in LAV from the IM, and from the transfer of much of that urea to the LDV, as is clear from Fig.  2, C1 and C2, and Fig. 3, C1 and C2.
IM
The model predicts that the "solute-separation, solutemixing" mechanism can generate a substantial urea gradient along the IM water-permeable tubules and vasa recta. The loops of Henle that turn within the first millimeter of the IM were assumed to be entirely water impermeable. Nonetheless, the osmolality in the LDL2 S segments of those loops increased due to diffusive urea entry. Similarly, urea entered the LDL2 and LDL3 segments of longer loops, raising their tubular fluid osmolality. Beginning at the transition to the prebend segment, osmolality decreased abruptly in all loops, driven by the vigorous absorption of Na ϩ , which is a consequence of the abrupt increase in Na ϩ permeability and a transepithelial gradient that favors Na ϩ absorption. That gradient arises because urea absorbed from the papillary CD results in a high interstitial urea concentration relative to interstitial Na ϩ concentration. As a result, the interstitial Na ϩ concentration is below that of the loop Na ϩ concentration, and a substantial transepithelial outwardly directed 
Na
ϩ concentration gradient is maintained around the loop bend and along the IM part of the LAL.
Owing to the high LDL3 urea permeability, much urea entered that segment and its urea concentration approximately equilibrated with the interstitium. Along the upper part of the IM, the LALs exited the CD cluster. Because the interstitial urea concentration of the intercluster region (R5) is low relative to the LAL intratubular fluid, urea was reabsorbed from the upper part of the LAL, and its fluid osmolality continued to decrease along its flow direction. Although the addition of urea to loops is ultimately dissipative, urea entry into LDLs nonetheless resulted in the advection of fluid that is hyperosmotic, relative to fluid in other structures, toward the papillary tip. This effect is made possible by the water-impermeable seg- Fig. 3 . Water and solute flows in regions, tubules, and vasa recta, given per individual tubule or vessel. Notation is analogous to that used in Fig. 2 ; however, the ordinates, given above each column, are water flow (column A); Na ϩ flow (column B); and urea flow (column C). Negative flows in ascending limbs and ascending vasa recta are directed toward the cortex; flows in descending structures are directed toward the papillary tip. No axial flow is assumed in the regions. Fig. 4 . Water and solute flows in IM vasa recta, given per nephron. Notation is analogous to that used in Fig. 3 . ments of the LDLs, which permit a decoupling of loop tubular fluid osmolality from interstitial osmolality. And although the LAL intratubular fluid urea concentration was elevated relative to the associated LDL, the LAL Na ϩ concentration was sufficiently low that the LALs carried out of the IM a fluid that was dilute relative to the fluid in the corresponding descending limb flows, thereby producing a concentrating effect.
Sufficiently far away from the OM-IM boundary (Ն0.25 mm), the interstitial fluid in R6 is more concentrated than CD tubular fluid, because of Na ϩ reabsorption from the prebends of the Henle's loops and from the CD. Water reabsorption from CD followed, but because the initial IMCD was assumed to be only moderately water permeable, CD fluid osmolality lagged that of the surrounding interstitium. In contrast, near the OM-IM boundary, interstitial fluid in R5 is more concentrated than DVR (706 vs. 591 mosmol/kgH 2 O), but slightly dilute relative to LDL (755 mosmol/kgH 2 O). As previously noted, throughout the OM, DVR fluid is dilute relative to other structures because of its isolation within the vascular bundles. Thus, in the upper IM, water reabsorbed from the DVR has a diluting effect on the local interstitial fluid. The largest difference between the fluid osmolalities in the two regions occurs at the OM-IM boundary, where R6 fluid osmolality is ϳ77.1 mosmol/kgH 2 O higher than R5; most of that difference is attributable to the difference in Na ϩ concentration, which is ϳ47.8 mM higher in R6 than in R5. Compared with the OM, the difference in interstitial fluid composition between the two IM regions is small. In the OM, the active Na ϩ transport along TALs raises the interstitial Na ϩ concentration of R3 and R4, reaching a maximum R4-R1 difference of 140.0 mM at the mid-OM. In the IM, however, the thin ascending limbs lack sufficient active transport. Active Na ϩ transport along the IMCD alone cannot produce a significant concentrating effect because the IMCD is water permeable. Also, the relative difference in IM region urea concentrations was small, compared with the relative differences in OM region urea concentrations (see Fig. 2C0 ). That is because in the upper IM, CD urea permeability was assumed to be low (3 ϫ 10 Ϫ6 cm/s), which limits urea reabsorption in the intracluster region. Also, ascending thin limbs were assumed to occupy an intercluster position in the upper IM, and the urea absorbed from these highly urea-permeable limbs raises the urea concentration in the intercluster region. In the deep IM, CD urea permeability became large, which elevated the interstitial urea concentration of both regions because the CD clusters have been found to disappear in the deep IM. Because of sufficiently high DVR water and solute permeabilities, and because of the fenestrated nature of the AVR walls, vas rectum osmolality tends to track the osmolality and solute concentrations of the local interstitium. This tracking allows LDV and LAV6 to serve the traditionally ascribed roles as countercurrent exchangers: at each level of the IM, DVR flow tends to have an osmolality or a solute concentration that is slightly below that of the surrounding region (except near the OM-IM boundary, where the R5 fluid osmolality decreases); LAV6 flow tends to have an osmolality or solute concentration that is slightly above that of the surrounding region. Thus, taken as a whole, the transport properties and the countercurrent anatomic arrangement of the vasa recta allow them to return the solute and water that is absorbed from the tubules back to the general circulation while at the same time minimizing the washout effect of vascular flow on local medullary osmolality and concentrations, and, more generally, on the axial IM osmolality and concentration gradients.
Fluid flow rates, given in units of nanoliters per minute per individual tubules or vessel, are shown in Fig. 3A for the CD, vasa recta, and selected loops of Henle. Along the IM, 82.4% of the tubular fluid in the CD was reabsorbed (compared with 66.5% along the OM). In the initial IM, most of that water reabsorption was driven by the active transport of Na ϩ from the CD (water accompanies the Na ϩ to preserve nearly equal osmolalities on each side of the CD epithelium); in the deep IM, water reabsorption from the CD was driven mostly by the diffusive efflux of urea. Also, because the model assumed that only a small fraction of the vessels reach into the deep IM, water flow along each individual AVR that reaches into the deep IM is substantial. Despite the high fluid flow rates in the AVR, vascular fluid solute concentrations closely track local interstitial solute concentrations.
Solute flow rates per individual tubule or vessel are shown in Fig. 3 , B and C, for the CD, vasa recta, and selected loops of Henle. The CD lost 40.5% of its Na ϩ in the first 1.0 mm of the IM, because, by our modeling assumption, Na ϩ was vigorously and actively absorbed (at a rate of V max, Na of 8 nmol·cm
). This active absorption promoted water absorption from the early CD, because the model's low CD urea permeability (3 ϫ 10 Ϫ6 cm/s) restricts the participation of urea flux in transepithelial osmotic equilibration. Moreover, the active Na ϩ absorption and the accompanying water reabsorption raised the relative concentration of urea in CD tubular fluid (see Fig. 2C1 ), which ultimately promoted vigorous urea absorption from the terminal CD, where urea permeability greatly increased. In the innermost millimeter of the IM, active Na ϩ transport from the CD is only sufficient to nearly balance diffusive Na ϩ backleak. Near the papillary tip, AVR flow rates appear to be substantially smaller than DVR flow rates, although none of the flow rates are zero. However, mass balance is not significantly violated, because the flow rates in Fig. 3 are given per vessel, and the model represents more AVR than DVR (there are 17 LAV5 and 33 LAV6 per 12 LDV). Furthermore, we assume that only a small fraction of the vasa recta reach into the deep IM (see Eq. 4). Thus the vascular flows per nephron are small compared with other tubular flows. Indeed, near the papillary tip, the net differences among DVR and AVR flows, which are expected to be approximately zero, are smaller than numerical errors. It is also noteworthy that LAV6 flows are substantially larger than those of LAV5. Those differences can be attributed to the large influx of water and solutes into LAV6 near the papillary tip, where most of the loops and vasa recta have turned or terminated, whereas a relatively larger fraction of the CD population remains (compare Eqs. 1, 2, and 4) . Thus the amount of fluid and solute reabsorbed is much larger in R6, where the model CD and LAV6 are located, than in R5, where LAV5 resides. As a result, LAV6 carries away fluid and solutes at rates that are higher than LAV5.
In the next set of studies, we investigate model sensitivity to some of the fundamental structural assumptions. The impacts of variations in parameters that characterize the three-dimensional architecture of the model medulla are examined in a companion paper (33) .
CD Boundary Conditions at the Corticomedullary Border
The model does not include explicit representation of the cortex; rather, the actions of the cortex are represented implicitly by means of boundary conditions imposed at the corticomedullary border. Specifically, we assumed that the flow rates and solute concentrations of the descending limbs and DVR are known a priori, and CD fluid composition is computed from TAL flows at the corticomedullary boundary. In the base case, we assumed that CD intratubular fluid flow rate is 6.5 nl/min at the corticomedullary boundary, or ϳ1.1 nl·min
, a middle ground between measurements in hydropenic rats, which indicate that accessible late distal tubule flow may be as little as 2.3 nl/min (1), and measurements which show that urine flow may be as little as ϳ0.065 nl·min Ϫ1 ·nephron
Ϫ1
. To study how variations in CD flow rate affect the model's concentrating capability, we varied the corticomedullary CD boundary flow rate by Ϯ10% and Ϯ20%. CD boundary osmolality was kept at base-case value, and solute concentrations were determined as in the base case.
Profiles for CD intratubular fluid osmolality, fluid flow rate, and urea flow rate are shown in Fig. 5 . As CD inflow rate increased from 5.2 (20% below base case) to 7.8 nl/min (20% above base case), the load on both the OM and IM concentrating mechanisms increased: CD fluid osmolality (in units of mosmol/kgH 2 O) decreased from 841 to 792 at the OM-IM boundary, and urine osmolality decreased from 1,422 to 1,012 which corresponds to a 28.8% decrease. A higher urine flow rate was predicted when CD boundary flow rate was increased, as one might expect, but the increase in urine flow rate, 122% above base case when CD inflow rate was increased by 20%, was several-fold larger than the corresponding increase in CD inflow rate, a result that can be attributed, in part, to the reduction in the concentrating effectiveness of the system.
When the model assumed a lower CD fluid inflow rate at the corticomedullary boundary, one might expect a corresponding decrease in urea inflow rate, which would result in reduced urea availability to the IM and an impaired IM urine concentrating mechanism. In contrast, as shown in Fig. 5C , CD urea flow rate increased as CD fluid inflow rate decreased. That apparent paradox can be understood via a careful study of Fig.  5C . As CD fluid inflow rate was reduced, the load on the IM concentrating mechanism was reduced as previously discussed and the IM concentrating effect was augmented. As a result, more urea was reabsorbed from the IMCD (compare the slope of the IMCD urea flow for the different cases in Fig. 5C ); more urea entered the long loops of Henle, and more urea is returned to the cortex via the LALs. Thus, assuming that the same fraction (80%) of the urea delivered to the cortex is returned to the medulla via the OMCD, the urea inflow rate into the OMCD increased.
The high sensitivity of the predicted urine flow rate, and model results in general, to the CD boundary flow rate may be attributable, in part, to IMCD active Na ϩ transport, which is largely insensitive to CD tubular fluid composition. As a result, when the CD boundary fluid flow rate is lowered, the IMCD active Na ϩ transport gives rise to water reabsorption from the IMCD that does not vary proportionally to changes in boundary flow rate. Thus IMCD water reabsorption accounts for a substantially larger fraction of CD tubular fluid flow, and a disproportionally low urine flow rate is produced.
To determine CD urea concentration at the corticomedullary boundary, we assumed that a fixed fraction, ␦ DT , of the urea that is delivered to the early distal tubule by the cortical TAL is absorbed in the cortex (an assumption also used in Ref. 67); this fraction was taken to be 0.2 in the base case, based on a typical difference between early and late distal tubule urea flow as measured in hydropenic rats (1) . In a set of simulations, we assessed the degree to which the concentrating capability of the model is affected by the fraction urea reabsorption along the cortical TAL. To achieve that, we obtained model results for ␦ DT ϭ 0.1, 0.15, 0.25, and 0.3 (base-case ␦ DT ϭ 0.2).
Profiles for CD intratubular fluid urea concentration, osmolality, and fluid flow rate are shown in Fig. 6 . As the distal tubule fractional urea absorption increased from 0.1 to 0.3, CD fluid urea concentration at the corticomedullary boundary decreased from 247 to 147 mM. Because the CD boundary fluid flow rate was assumed fixed at 6.5 nl/min, that corresponds to a 40.5% decrease in urea delivery to the OMCD, and subsequently a 31.4% decrease in CD fluid urea concentration at the OM-IM, from 621 mM at ␦ DT ϭ 0.1 to 426 mM at ␦ DT ϭ 0.3. With less urea available, the concentrating capability of model IM was reduced: a lower IMCD fluid urea concentration, and thus osmolality, reduced water reabsorption from the IMCD, which increased the interstitial Na ϩ concentration. A lower interstitial urea-to-Na ϩ concentration ratio reduced the predicted urine osmolality (in mosmol/kgH 2 O), from 1,502 at ␦ DT ϭ 0.1, to 1,283 at base-case ␦ DT ϭ 0.2, and to 1,106 at ␦ DT ϭ 0.3. It is noteworthy that the concentrating mechanism of the model OM was little affected, with the CD fluid osmolality virtually unchanged at the OM-IM boundary (819 at ␦ DT ϭ 0.1 and 827 at ␦ DT ϭ 0.3).
In the previous set of simulations, the CD boundary urea flow was varied while fluid flow rate and osmolality were fixed. These assumptions led to substantial variations in the CD boundary Na ϩ flow (in pmol·min
), from 32.9 at ␦ DT ϭ 0.1 to 89.0 at ␦ DT ϭ 0.3. To avoid such unrealistic fluctuations in Na ϩ flow, we conducted another set of simulations, in which CD boundary Na ϩ flow was kept at base-case value (65.6 pmol·min Ϫ1 ·nephron Ϫ1 ); the CD boundary fluid flow rate and Na ϩ concentration were computed to yield base-case CD boundary fluid osmolality.
With these assumptions, as fractional urea reabsorption ␦ DT increased from 0.1 to 0.3, CD boundary fluid urea concentration decreased from 201 to 171 mM, and the CD boundary fluid flow rate increased from 5.83 to 7.39 nl/min. Together, the reduction in urea delivery and the increase in osmotic load lowered urine osmoality (in mosmol/kgH 2 O) from 1,328 at ␦ DT ϭ 0.1 to 1,186 at ␦ DT ϭ 0.3.
DVR Flow Rates at the Corticomedullary Boundary
Because it has been proposed that blood flow along DVR may be regulated by their intrinsic contractile capability (49), we investigated how variation in DVR flow rate affects the model's concentrating capability. The base-case corticomedullary boundary flow rate of 8 nl/min per DVR was varied by Ϯ10% and Ϯ20%; DVR boundary solute concentrations were kept at the base-case values. Decreasing the DVR boundary flow rate by 10 and 20% resulted in 2.48 and 5.08% increases, respectively, in CD fluid osmolality at the OM-IM boundary, relative to base case, and in 5.13 and 11.1% increases, respectively, in urine osmolality relative to base case. On the other hand, increasing the flow rate by 10 and 20% resulted in decreases of 2.81 and 5.40%, respectively, in CD fluid osmolality at the OM-IM boundary, and in 6.00 and 11.0% decreases, respectively, in urine osmolality. Thus these findings yield the intuitive result that decreasing DVR flow decreases the load on the concentrating mechanisms, in both the OM and in the IM, and consequently increases the concentrating effect.
Single-Tube Representation of the LAL
In the OM, the TALs associated with the long loops of Henle were represented using a single tube, even though, technically speaking, the intratubular fluid compositions of the TALs associated with loops of differing lengths may differ. A singletube representation was used instead of a distributed-loop formulation, as was used for the IM-portion of the LDL and LAL, to reduce computational times. At the OM-IM boundary, the single-tube LAL fluid flow rate and solute composition were set to the corresponding averages of the ascending thin limbs (see Eq. 9).
To test the validity of the single-tube TAL representation, we conducted simulations to assess the effects on model predictions when the LALs are represented using multiple tubes. In one simulation, we used five model LALs in the OM, 
Boundary Conditions for the LAV
Because the distribution of blood flow, including the transition of AVR from the IM to the OM, has yet to be well characterized, we assumed that in the OM two model LAV (i.e., LAV1 and LAV2) have the same flow rate and fluid composition at the OM-IM boundary. In a set of simulations, we assessed the degree to which model predictions are impacted by the variations in boundary solute concentrations of the LAV. We conducted two simulations: case 1, in which the boundary Na ϩ and urea concentrations of LAV1 was 10% higher than LAV2, and case 2, in which the boundary solute concentrations of LAV1 was 10% lower than LAV2. The boundary fluid flow rates of the two LAV were assumed equal, as in base case.
Among the three cases, case 2 yielded the highest concentrating effect. In that case, the solute concentrations of LAV2, which occupies an interbundle position, were assumed to be higher than the intrabundle LAV1. Because the AVR are highly permeable, the more concentrated intravascular fluid in LAV2 raised the osmolality of the surrounding interstitial fluid and further facilitated water absorption from the OMCD. As a result, the OMCD fluid osmolality was predicted to be 842 mosmol/kgH 2 O in case 2, which is 2.01% higher than base case, and 4.58% higher than case 1 (805 mosmol/kgH 2 O). Urine osmolality was predicted to be 1,248 and 1,300 mosmol/ kgH 2 O for case 1 and case 2, respectively. These differences are significant but not substantial. Thus these results suggest that variations in the relative solute concentrations of the two model LAV have small impacts on the model's concentrating effect.
DISCUSSION
Model Formulation and Implications
We have developed a highly detailed mathematical model for the urine concentrating mechanism in the renal medulla of the rat kidney. The model represents the radial organization of renal tubules and vessels, with respect to vascular bundles, by means of a region-based configuration. Transmural transport by tubules and vessels is approximated by single-barrier expressions that summarize experimental results for osmotically driven water fluxes, solute diffusion, and active solute transport. The model, which was solved to steady state, predicts, in all represented structures, the concentrations of sodium, urea, and a nonreabsorbable solute, the osmolality arising from these solutes, intratubular (or intravascular) flow rates of water and solutes, and transmural fluxes of water and solutes.
Using base-case parameters, the model attains in most structures an osmolality increase of about a factor of ϳ2.5 along the OM, and another factor of ϳ1.55 along the IMCD and vessels (see Fig. 2, A1 and A3) . These increases are consistent with tissue slice experiments in rats (12, 70) , rabbits (20) , and dogs (62) , and with electron microprobe experiments in rats (25) . However, it is noteworthy that in the IM, the model's osmolality increases are attributable almost entirely to axial urea concentration increases. Except for the CD, the Na ϩ concentrations in most structures fail to rise significantly along the IM axis, a result that is in disagreement with published experimental data (e.g., Ref. 25) .
As predicted by many investigators (2, 7, 17, 23, 28, 30, 43, 61, 64, 67) , the model indicates that the marked radial organization of the OM, which is centered on the vascular bundles, has a significant impact on the interstitial concentrations seen by the various tubules and vessels, most notably, the sequestration of urea in and near the vascular bundles, and a focusing of TAL concentrating capacity on LDLs and CDs (see Fig. 2 ).
In contrast, the model predicts that, despite a structured organization of tubules and vessels around the CD cluster in the upper IM, the solute concentrations are approximately homogeneous at a given IM level (see Fig. 2, A0 -C0) . A significant difference in interstitial Na ϩ concentration (ϳ50 mM) between the two IM regions is predicted at the OM-IM border, but that difference quickly dissipates within the first millimeter of the IM. These results appear to suggest that, unlike in the OM, the radial organization in the IM does not lead to substantial solute sequestration. If that is the case, what are the roles of the CD clusters in the context of the urine concentrating mechanism? Indeed, in a previous modeling study (39) , we compared the concentrating capability of an IM model that represents radial organization to one that assumes that the interstitial solute concentrations are homogeneous (i.e., no radial organization) and found that the radially homogeneous model produced a substantially concentrated urine. [It should be noted that, in that study (39) , we assumed that the thin limbs of loops of Henle have low urea permeabilities.] A similar result was obtained in a companion study (33) , in which we compared the present model with a radially homogeneous version. So, why are tubules and vessels organized the way they are, in the IM, when it does not appear to augment the concentrating capability of the system?
On the other hand, it may be that the radial organization of the IM functions in ways that are not directly (but possibly indirectly) related to the urine concentrating mechanism. The DVR location in the upper IM, which is external to the CD clusters, can be viewed as a continuation of the vascular bundles, which are prominent in the OM, particularly in the inner stripe. The isolation of DVR within the tightly packed vascular bundles not only increases OMCD fluid osmolality, it also preserves oxygen supply to the IM (4). We hypothesize that the separation of DVR from the CD clusters serves a similar function: it preserves oxygen supply to the deep IM. This issue is further discussed in the companion study (33) .
Although the results of this study do not reveal a role of the radial tubular-vascular organization, in terms of solute sequestration, our findings are consistent with the hypothesis that the IM concentrating mechanism may be composed of three countercurrent systems (37) . In the upper IM, the CD cluster form an intracluster countercurrent system, which may function specifically to raise the osmolality of CD tubular fluid by facilitating the targeted delivery of NaCl via loop-bend segments. In the peripheral regions of the CD cluster, tubules and vessels form an intercluster countercurrent system, where urea is absorbed from the ascending thin limbs, some of which is cycled back into the deep IM via the DVR. A third papillary countercurrent system can be found in the final 1.5-2 mm of the IM, where NaCl is absorbed from the loop bends, and urea and water are absorbed from the CD, eventually producing a concentrated urine.
In the review (37), we hypothesized that water is absorbed from the water-permeable portions of descending thin limbs, raising their tubular fluid NaCl concentration, a process which facilitates the concentrating processes in the papillary countercurrent system. However, our model predicted that a small amount of water was secreted into the LDL2 segments, which, taken in isolation, provides a diluting effect. Thus, although the model was able to generate a moderately concentrated urine, it appears that aspects of the tubular-vascular interactions remain to be understood.
Comparison with Previous Models
In 1991, Wexler, Kalaba, and Marsh (67) developed the highly innovative and influential "WKM model", which represents a three-dimensional medullary structure and inspired a number of studies of the effects of regionalization (e.g., Refs. 61 and 66). In the WKM model, radial organization is represented by means of weighted, direct connections between each tubule and nearby vessels, and solute concentrations of AVR fluid are assumed to equal local interstitial concentrations. The connection network varies as a function of medullary depth, and at a particular medullary level, the connection-based representation allows each tubule to be influenced by the differing concentrations in adjoining vessels, which are in turn influenced by other tubules and vessels. The local nature of the interactions allows this model configuration to simulate preferential interactions among tubules and vessels that are anatomically nearby, and an implicit regionalization emerges from the localized interactions (67, 68) .
In addition to having incorporated new findings on the transport properties of the loops of Henle, our model differs from the WKM model in that tubules and vessels do not interact directly but, rather, through the merged capillaries and interstitial fluid that make up the portions of the concentric regions that are exterior to tubules and vasa recta. Moreover, within a region, tubule-tubule interaction is on a common footing with tubule-vessel interaction. Tubules or vessels may straddle boundary walls and interact with two regions simultaneously. Adjoining regions interact via capillary flows and direct diffusion. By varying the solute permeabilities of region boundaries, differing degrees of regionalization can be simulated. Also in our model, AVR solute concentrations are allowed to differ from local interstitial concentrations, thus allowing us to investigate the dependence of the corticomedullary osmolality gradient on AVR permeability. The regionbased approach is more suited to our distributed-loop formulation, which would have presented a challenge to the connection-based methodology when the loops occupy neighboring positions. [The WKM model used the shunted-loop representation (67) ; thus the following analysis does not apply to the WKM model.] Recall that in the distributed-loop formulation, one model loop is assumed to turn at each numerical grid point. Thus the model represents as many model loops as there are numerical grid points. Let us suppose that the LDLs of these loops occupy neighboring positions. In practice, each LDL is adjacent to no more than four or five other LDLs. However, because the precise connectivity is not known, and because the connectivity likely varies among different groups of LDLs, a reasonable approach might be to assume that each LDL is equally connected to all other LDLs. Under this assumption if there are N numerical grid points, then there are N(N Ϫ 1) connections. With that many connections, the computations will likely take a prohibitively long time. In contrast, the same scenario can be represented using the region-based methodology that requires only N connections, from each of the model LDLs to the appropriate region.
The IM concentrating mechanism considered in this study corresponds to the "solute secretion" mode that we proposed in Ref. 38 , which assumes that those portions of the loop of Henle that are AQP1 null have very high urea permeability so that near equilibration with the interstitium can be maintained. The solute secretion mode was previously shown to be capable of producing a significant corticomedullary gradient in the IM while maintaining reasonable urine flow and free water absorption rates (38) . However, the simple model used in Ref. 38 assumed that the composition of the interstitial fluid is homogeneous at each IM axial level and thus cannot adequately represent the three-dimensional architecture of the IM. In contrast, the present study does represent that IM three-dimensional architecture, and model results suggest that that the tubular-vascular structural organization constitutes an IM con-centrating mechanism comprising three countercurrent systems, as discussed above.
The present study uses the "region-based" approach to represent the preferential interactions among the tubules and vessels. The OM component of the model is based on our previous region-based model (35) , which explicitly represents only the OM, with the IM implicitly represented via boundary conditions. The two models generated similar predictions for the OM, a result that is not surprising, since we have previously shown that the predictions of our OM model nearly insensitive to the boundary conditions imposed at the OM-IM border, or to the assumed urine composition. That insensitivity can be attributed to small urine fluid and solute flows, relative to tubular flows in the OM.
The IM component of the present model is based on our previous region-based IM model (39) , which explicitly represent the IM only; the content of the tubular and vascular fluids entering the IM is assumed to be known a priori. Unlike the OM model (35) , IM model results are highly sensitive to boundary conditions at the OM-IM border. Thus, by representing the whole medulla, the present model more realistically represents the interactions between the OM and IM. Perhaps the most notable difference in the OM-IM boundary tubular content is that the present model predicts a substantial osmolality difference between CD and DVR, inasmuch as the regionalization in the OM gives rise to a substantial radial osmolality gradient. In contrast, the previous model (39) assumed that the fluids entering the DVR, LDL, and IMCD have the same osmolality. As a result, the present model predicted that the fluid enters the IMCD at a higher osmolality than assumed in Ref. 39 (820 compared with 765 mosmol/kgH 2 O); this osmolality difference is attributable to the higher urea content (481 vs. 409 mM). That difference, taken in isolation, may promote a more effective IM concentrating effect. On the other hand, the DVR of the present model enters the IM carrying a fluid that is substantially more diluted than the boundary conditions assumed in the previous IM model (39) (583 compared with 765 mosmol/kgH 2 O). Thus the DVR fluid imposes a larger load to the IM concentrating mechanism of the present model.
The IM concentrating mechanism considered in Ref. 39 corresponds to the "pipe" mode that we proposed in Ref. 38 , which assumes that the AQP1-null portions of the loop of Henle have nearly zero urea permeability, an assumption not very different from the passive mechanism (26, 60) . In contrast, the IM concentrating mechanism considered in the present study corresponds to the high loop of Henle urea permeability limit. Despite these differences, both models predict a generally increasing axial osmolality gradient along the IM, and the production of a moderately concentrated urine.
Comparison with Experimental Measurements
The osmolalities predicted by the model for tubular fluid in the bends of the longest loops, and in the final urine, are similar to osmolalities measured in antidiuretic rats (55) (see Table 3 ). An osmolality of the fluid at the bend of the long loops nearly identical to that in the fluid at the terminal end of the CDs is also observed in hamsters (10, 11) . The interstitial fluid osmolality predicted by the model for the papillary tip (1,353 mosmol/kgH 2 O) is similar to that predicted for the urine.
Moreover, the osmolality measured in vascular fluid near the papilla tip in moderately antidiuretic rats (18, 56) or hamsters (11, 46, 47) , or predicted by this model, is similar to that measured in or predicted for the fluid at the bend of the loops or the CDs at the same level of the papilla (11, 18, 46, 47, 56) .
However, significant differences between physiological data and model predictions remain. Micropuncture experiments by Pennell et al. (55) reported urine and loop-bend urea concentrations of 345 and 287 mM, respectively, whereas the model predicts substantially higher urea concentrations of 593 and 592, respectively (see Table 3 ). Nonetheless, higher urine urea concentrations (ϳ400 -700 mM) have been measured in rats (3, 32, 63, 69) . The differences in these measurements may be explained, in part, by the strain, size, age, diet, and physiological state of the rats, and the stimulus applied to induce antidiuresis. Measurements by Pennell et al. (55) were done using young, ADH-infused Sprague-Dawley rats, whereas some of the other studies were done with larger Wistar rats (32, 63) , larger Sprague-Dawley rats (3), or urea-infused, young Sprague-Dawley rats (69) . Also, micropuncture experiments by Jamison et al. (16) in antidiuretic Brattleboro rats yielded loop urea concentrations as high as 658 mM. Similarly high urea concentrations have been measured in the loops of Henle of hamsters (10, 45) . It is noteworthy, however, that those studies also revealed loop-bend Na ϩ concentrations that are higher than urea, and substantially higher than the value predicted by our model (see below).
Another disagreement can be found in the Na ϩ concentration profiles predicted along the IM structures. Electron microprobe measurements performed in antidiuretic rat kidneys revealed a large axial Na ϩ concentration gradient (see Fig. 5 in Ref. 25) . In contrast, except for the IMCD, the model predicts no significant axial Na ϩ concentration gradient in the fluid of most tubules, vessels, or interstitium in the IM. Indeed, the axial osmolality gradient generated in the model IM is attributed to the urea concentration gradient.
Yet another disagreement, perhaps related to the Na ϩ concentration gradient issue discussed above, appears in the urea and Na ϩ concentrations at the bend of Henle's loop (Table 3) . Studies in moderately antidiuretic rats (55) and hamsters (10) consistently indicate that the Na ϩ concentration is substantially higher than the urea concentration in tubular fluid at the bend of the loop, the reverse of the composition in the final urine (or tubular fluid at the terminal end of the CDs). However, the reverse relationship (i.e., with urea concentration greater than Na ϩ concentration) is predicted by the model. The predicted urea concentration at the bend of the longest loop, 592 mM, is high relative to a measured concentration of 393 mM at the loop bend (55); the high model value arises from the high urea permeability and zero water permeability assumed for the AQP1-null segment of the descending thin limb. Nonetheless, the model predicts, in accordance with measurements, a Na ϩ concentration in the loop-bend fluid that is much higher than in the final urine.
Assuming that the descending limb tubular fluid osmolality increases along the AQP1-null segment, how is that gradient generated? Given that Dantzler et al. (6) reported a near zero water permeability along that segment, then if not by water reabsorption, is that osmolality gradient generated by solute secretion? Diffusive entry of NaCl seems unlikely, because the descending limb fluid NaCl concentration appears to be higher than local interstitial fluid. Our model predicted passive urea secretion, but that yielded loop-bend fluid composition that appears to be inconsistent with experimental measurements. A satisfactory resolution of this issue merits future studies.
